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ABSTRACT
Fungal hyperparasites have been known to indirectly impact ecosystem composition and
disease dynamics by modulating the population size and transmission of their parasite host. In
the present study we formally describe two new hyperparasite species that infect the fungus
Ophiocordyceps camponoti-floridani, which manipulates the behavior of the Florida carpenter
ant. Phylogenetic analyses demonstrate that both fungal hyperparasites are new, distinct species.
The unique morphology and phylogenetic placement of one of the species even supports its
placement in a new genus, which we have named Niveomyces. Our field data suggests that both
new species, Polycephalomyces oviedoensis and Niveomyces ophiocordycipitis, negatively
impact O. camponoti-floridani survival and transmission. This field data, along with the
macromorphology of both species, also suggests that these hyperparasites are exclusively
mycoparasites and do not infect, nor decompose O. camponoti-floridani’s ant host. Additionally,
we sequenced and annotated the genomes of the two new species to perform a comparative
genomics study in an attempt to find genomic signatures of their mycoparasitic lifestyle.
However, our comparative analyses, which included genomes of other mycoparasites, animal
pathogens, saprophytes, and phytopathogens, suggests that previously reported mycoparasite
genome signatures are not greatly informative when expanding the number of genomes and
lifestyles. This highlights the need for additional mycoparasite genomes within the order
Hypocreales to find meaningful mycoparasite genome signatures. Taken together, this integrative
study contributes new knowledge to the limited literature on fungal hyperparasites and
emphasizes the need for more research on tri-trophic systems.

ii

ACKNOWLEDGMENTS
I would like to express my deepest appreciation to my committee chair, Dr. Charissa de
Bekker, who not only pushed me to always realize my highest potential, but also made me a
stronger and more confident scientist. Without her guidance and support this thesis would not be
possible.
I would also like to thank my committee members, Dr. Eric Hoffman and Dr. Anna
Forsman, who both supported me throughout my Master’s degree and were instrumental during
my time as an undergraduate.
Finally, I would like to thank my family for always being my support system and
encouraging me to pursue my dreams.

iii

TABLE OF CONTENTS

LIST OF FIGURES .................................................................................................................. vi
LIST OF TABLES ................................................................................................................... vii
INTRODUCTION ......................................................................................................................1
METHODS .................................................................................................................................5
Field Study ..............................................................................................................................5
Sampling, DNA Extraction, Library Preparation & Whole-Genome Sequencing .....................5
Genome Assembly & Gene Prediction ....................................................................................6
Functional Annotation .............................................................................................................7
Comparative Genomics & Orthologous Clustering ..................................................................7
Phylogenetics ..........................................................................................................................8
Morphology ............................................................................................................................8
RNA Extraction.......................................................................................................................9
RESULTS ................................................................................................................................. 10
Phylogenetics & Taxonomy .................................................................................................. 10
Field Study ............................................................................................................................ 17
De Novo Genome Assembly and Annotation ......................................................................... 20
Orthologous Clustering ......................................................................................................... 23
Comparative Genomics ......................................................................................................... 27

iv

DISCUSSION ........................................................................................................................... 35
CONCLUSION ......................................................................................................................... 39
REFERENCES ......................................................................................................................... 40

v

LIST OF FIGURES
Figure 1: Phylogenetic tree of Hypocreales. .............................................................................. 11
Figure 2: Polycephalomyces oviedoensis morphology. .............................................................. 14
Figure 3: Niveomyces ophiocordycipitis morphology................................................................. 16
Figure 4: Field study results. ..................................................................................................... 18
Figure 5: Mean G-C% before and after bacterial contamination filtering. .................................. 21
Figure 6: Venn diagrams of shared orthogroups. ....................................................................... 24

vi

LIST OF TABLES
Table 1: Genome features of P. oviedoensis and N. ophiocordycipitis. ...................................... 22
Table 2: The number of secondary metabolite clusters in each genome. .................................... 29
Table 3: The percent of protease genes in each genome. ............................................................ 32
Table 4: The number of GH18 chitinase genes in each genome. ................................................ 34

vii

INTRODUCTION
Biotic interactions are important drivers of evolution, biodiversity, and ecosystem
composition. The significance of interspecies interactions is apparent throughout evolutionary
history, where novel species interactions led to major diversification events1. Of the various
forms of biotic interactions, parasitism is very common, with some studies estimating that nearly
half of all biodiversity partakes in the lifestyle2. As such, parasitism extends across all major
taxa, including insects, plants, vertebrates, and fungi.
In recent years, the inclusion of parasites into the larger ecological picture of ecosystems
has gained traction. This shift can be attributed to both a better understanding of their impacts on
biodiversity, as well as the realization that they constitute a much greater biomass within
communities than once thought3. As such, many studies have demonstrated both the direct and
indirect effects of parasites on ecosystem composition, such as their ability to modulate their
host’s population size by either increasing mortality or decreasing reproduction 4. For example,
one study found that the recent introduction of two protostrongylid nematode parasites in the
Canadian Artic Archipelago caused widespread mortality events of two keystone Muskoxen and
Caribou species5. In instances such as this, the parasite-driven reduction of host populations can
significantly alter the entire community structure through impacting trophic cascades and
interspecies interactions6.
While studies on parasites have deservedly gained more attention in recent years, the
occurrence and effects of hyperparasites, organisms that utilize other parasites as their host,
creating tri-trophic systems between host, parasite, and hyperparasite, are still highly
understudied. Hyperparasites, like other parasites, can also have indirect effects on ecosystem
composition, as they regulate their parasite host’s population size and dynamic7. Indeed, it has
1

been hypothesized that these hyperparasites could keep infectious diseases in certain host species
under control by regulating their parasites8. Although few hyperparasite species have been
thoroughly studied, those that have are already being employed as biological control agents. For
example, the CHV1 mycovirus is used to control Cryphonectria parasitica, a parasitic fungus
that causes chestnut blight in chestnut trees across the world9. As such, the high potential for
hyperparasites to be employed in conservation efforts and against agricultural pests highlights
the need to further study these tri-trophic systems.
Among the myriad of organisms with parasitic lifestyles, fungal parasites are highly
common and are known to infect a wide range of hosts, including plants, insects, nematodes, and
other fungi. Although fungal hyperparasites are also being reported, very few examples are
thoroughly studied. Perhaps the most studied fungal hyperparasite is Ampelomyces quisqualis,
which infects members of the genus Erysiphaceae. Commonly known as Powdery Mildew
Fungus, members of Erysiphaceae cause Powdery Mildew Disease in several crop species10. The
ability of A. quisqualis to reduce the spread of Powdery Mildew Disease has led to its use as a
biopesticide. Although this system provides an example of a highly studied fungal hyperparasite,
very few others are studied in more detail beyond their species description or reporting their
occurrence. This is especially true for tri-trophic systems that infect insect hosts, even though the
fungal infection of insects is incredibly common and spans a wide biodiversity 11.
The present study aims to add to the current very limited knowledge on fungal
hyperparasites by describing two new species that take part in a tri-trophic interaction that
involves another fungal parasite and its insect host. Both species parasitize a species of behaviormanipulating “Zombie Ant” fungus that is found in Central Florida: Ophiocordyceps camponotifloridani12. Many members of the genus Ophiocordyceps are known for manipulating the
2

behavior of their ant hosts and directing them to ascend vegetation, where they exhibit a “deathgrip” behavior13. Once dead, Ophiocordyceps utilizes the ant’s body as a food source and
eventually grows a long stalk out from between the ant’s head and thorax14. A spore-producing
fruiting body forms on the growing fungal stalk. It is hypothesized that the fruiting body shoots
spores into the air, to eventually land on the forest floor where they are picked up by other ants to
continue the infection cycle15.
Although hyperparasites of other, non-behavior-manipulating Ophiocordyceps species
have been described16,17, their genomes have not been sequenced and little research has been
done on their lifestyles and the effects they have on their Ophiocordyceps hosts. Additionally, in
species-specific Ophiocordyceps-ant interactions across the globe, hyperparasites have been
noted, suggesting that the tri-trophic interaction we discovered in Florida is not unique but an
example of a world-wide phenomenon. Nevertheless, only very few have been officially
reported, such as the fungal hyperparasites of Ophiocordyceps camponoti-rufipedis in Brazil18
and Ophiocordyceps paltothyrei in Ghana19. However, for these hyperparasites, a formal
description is currently still lacking. As such, in this integrative study, we aimed to formally
describe the two novel hyperparasite species that we discovered in Central Florida, through both
morphology and phylogenetic analysis. We also set out to learn more about their natural history
by determining the potential effects of these hyperparasite species on O. camponoti-floridani
through a longitudinal field survey. From initial field observations, we hypothesized that these
hyperparasites negatively impact O. camponoti-floridani growth and transmission. In contrast,
the previously mentioned studies only used the presence of fungal growth on Ophiocordyceps to
classify a species as a hyperparasite. To further analyze their presumed mycoparasitic
capabilities, we also sequenced the hyperparasites’ genomes to look for genome signatures that
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could confirm their hyperparasitic lifestyle. As such, we compared the two new genomes to the
genomes of other fungi with lifestyles ranging from mycoparasites, animal pathogens, and
phytopathogens, to saprophytes. Based on previous comparative genomics studies of fungal
mycoparasites, we expected a typical mycoparasite genome to include signatures such as: a high
number of GH18 chitinases, a large percentage of protease genes, and a high number of
secondary metabolites20. Overall, we aimed to contribute to the current very limited knowledge
on fungal hyperparasites and tri-trophic systems by providing a combination of novel
phylogenetic, natural history, and genomic data on two new hyperparasite species that affect
Ophiocordyceps-ant host interactions and will need to be included in future studies to create a
better understanding of those interactions.

4

METHODS
Field Study
As part of a larger longitudinal field study we surveyed the appearance of O. camponotifloridani-infected ant cadavers from October 2018 to November 2019. As these manipulated ant
cadavers often cluster together in areas referred to as “graveyards,”21 we chose nine of these
high-density locations to serve as our study sites. We set up three 9x9 meter plots in each of the
following wilderness areas within Central Florida: Black Hammock Wilderness Area
(28°42'04.7"N 81°09'32.0"W), Little Big Econ State Forest (28°41'14.7"N 81°09'33.4"W), and
Chuluota Wilderness Area (28°37'22.8"N 81°03'46.4"W), for which we were given permits by
Seminole County’s Leisure Services Department, Greenways and Natural Lands Division and
Florida Department of Agriculture and Consumer Service’s Florida Forest Service. During the
year of observations, we tagged all infected ant cadavers within these nine plots, and recorded
characteristics such as fruiting body growth and the presence or absence of a hyperparasite.
During each plot visit, which occurred roughly every 1.5 months, we recorded the presence of
new ant cadavers and tracked the growth and infection status of all previously tagged samples.
Sampling, DNA Extraction, Library Preparation & Whole-Genome Sequencing
We collected visibly hyperparasitized ant cadavers from the Black Hammock Wilderness
Area in Oviedo, Florida. Under a microscope, we removed hyperparasite growth from the
samples while taking careful consideration not to include O. camponoti-floridani tissue as well.
We surface-sterilized the hyperparasite tissue in 70% ethanol and placed it into microcentrifuge
tubes (Greiner) along with two metal ball bearings (5/32” type 2B, grade 300, Wheels
Manufacturing). We snap-froze the fungal tissue in liquid nitrogen and used a 1600 MiniG tissue
homogenizer (SPEX) at 1300 RPM for 30 seconds to disrupt fungal cell walls. We then extracted
5

DNA though a phenol-chloroform extraction protocol22 and quantified DNA concentration/purity
on a Qubit Fluorometer (Thermo Fisher) with the Qubit dsDNA High Sensitivity Assay Kit
(Thermo Fisher). Using the extracted DNA, we prepared DNA libraries using the Nextera DNA
Flex Library Preparation Kit (Illumina). These DNA libraries were subsequently used for
sequencing on an Illumina MiSeq Sequencer at the Genomics Service Unit of the LMU
Biocenter to generate 2x250 bp paired-end reads with a target of 50x coverage.
Genome Assembly & Gene Prediction
We filtered and trimmed the raw genomic sequence data using the default parameters of
the BBDuk plugin in Geneious Prime (20.2.3). To visualize and confirm the quality of these
trimmed sequences we used the software package fastqc23. We assembled the genomes de novo
using the SPAdes assembly algorithm24 and confirmed the quality of the assemblies through
QUAST25. The QUAST outputs indicated slight bacterial contamination in the genomic data
through the presence of two distinct mean G-C% peaks; one large peak containing fungal reads
(30-80%) and a second, much smaller peak containing bacterial contaminants (0-30%). We
removed the bacterial contamination from both genomes by manually filtering out sequences that
had a mean G-C% that fell within the contaminant peak. For both genomes, this cutoff was at a
mean G-C% lower than 30. The effectiveness of this bacterial filtering was confirmed using MGRAST, which visualized the percent of prokaryotic vs. eukaryotic reads within the genomes 26.
We also ran BUSCO27, using the Hypocreales lineage (fungi_odb9), and CEGMA28 to determine
to completeness of the genomes and ensure that we did not remove too many sequences during
bacterial filtration. We used the gene prediction software AUGUSTUS29, trained by BRAKER30,
to annotate the genomes. We uploaded our genomic data and predicted proteins to GenBank
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(NCBI) under the accession numbers: JADHZA000000000 (Polycephalomyces oviedoensis) and
SUB8419853 (Niveomyces ophiocordycipitis).
Functional Annotation
We functionally annotated the predicted proteins using PFAM31 and mapped them to
their corresponding gene ontology (GO) terms. We predicted transmembrane domains using
TMHMM 2.032 and signal peptides using SignalP-5.033. Proteins with a secretory signal were
considered small secreted proteins if they were shorter than 300 amino acids and did not contain
a transmembrane domain. We used antiSMASH 5.0 (fungal version) to predict only well-defined
and complete secondary metabolite clusters34. We used BlastP, with an E-value cutoff of 1e-10,
to search the MEROPS database for proteases35. Blast2Go was used to perform blast searches on
genes of interest36. The gene predictions and functional annotation can be downloaded and
browsed interactively on http://fungalgenomics.science.uu.nl/portal/.
Comparative Genomics & Orthologous Clustering
We compared the annotated hyperparasite genomes to other fungi with the following
lifestyles: mycoparasites, animal pathogens, phytopathogens, and saprophytes. Mycoparasites
included Tolypocladium ophioglossoides37, Trichoderma virens38, Trichoderma atroviride38,
Trichoderma reesei39, Escovopsis weberi40, and Clonostachys rosea41. Animal pathogens
included Beauveria bassiana42, Metarhizium robertsii43, Pochonia chlamydosporia44, and the
hyperparasites’ host Ophiocordyceps camponoti-floridani45. Saprophytes included Stachybotrys
chlorohalonata46, Neurospora crassa47, and Ophiostoma piceae48. Phytopathogens included
Fusarium oxysporum49 and Claviceps purpurea50. These species are all members of the order
Hypocreales, with the exception of N. crassa from Sordariales and O. piceae from
Ophiostomatales. These two species were included due to the lack of available saprophyte
7

genomes within Hypocreales. We functionally annotated these 15 genomes using the same
methods as previously stated to ensure valid comparisons between the genomes of our two new
species and the other fungal genomes downloaded from NCBI. We identified orthologous gene
clusters between the genomes using Orthofinder 2.4.051 and visualized the summary output in a
Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/). We used a Fisher Exact test
with the Benjamini-Hochberg multiple testing correction (corrected p-value < 0.05) to look for
overrepresented functional annotation terms within these groups.
Phylogenetics
Using our de novo assembled and annotated hyperparasites as protein Blast databases, we
obtained sequences for 18S ribosomal gene (SSU), 28S ribosomal gene (LSU), translation
elongation factor 1-alpha gene (Tef), and RNA Polymerase II Subunit genes (RPB1 and RPB2)
for phylogenetic placement. The genes we obtained from the genomes were aligned in Geneious
to a database of 437 species within the order Hypocreales. These concatenated files, along with a
position (POS) file for each gene, were imported into CIPRES52. We created a Phylogenetic Tree
using RAxML53 with the following settings: 5 hours, 1000 bootstraps, GTRGAMMA. We
visualized the tree using iTOL54.
Morphology
We took macromorphology pictures of the specimen using a Canon EOS 7D Mark II
camera with a 35mm lens. For micromorphology, we stained fungal tissue on a microscope slide
using one drop of Lacto-Fuchsin stain (0.1g Acid Fuchsin Powder and 100 mL 85% Lactic Acid)
and visualized the slides using a Leica DMi8 inverted microscope, mounted with a Leica MC
170 HD camera.
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RNA Extraction
We collected five hyperparastized O. camponoti-floridani samples for each of two new
hyperparasite species, as well as five samples without a hyperparasite to serve as controls. The
samples were immediately flash-frozen in the field with liquid nitrogen. Once in lab, the O.
camponoti-floridani stalks and fruiting bodies were removed and placed in new Eppendorfs for
fungal cell wall were disruption as previously stated. We extracted RNA from these disrupted
samples through a TRIzol and chloroform extraction protocol, followed up by the RNeasy
MinElute cleanup kit55. RNA concentrations were quantified using a Qubit Fluorometer as
previously described. The integrity of the RNA samples was confirmed on a Tape Station using a
High Sensitivity RNA Screen Tape.
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RESULTS
Phylogenetics & Taxonomy
Based on the constructed phylogenetic tree of the order Hypocreales (Figure 1), one of
the fungal hyperparasite species that infects O. camponoti-floridani in Central Florida is a
distinct new species within the genus Polycephalomyces (Family: Ophiocordycipitaceae). This
genus also includes other described hyperparasites of entomopathogenic Ophiocordyceps
species, including Polycephalomyces aurantiacus and Polycephalomyces marginaliradians
which infect Ophiocordyceps barnesii16, Polycephalomyces yunnanensis which infects
Ophiocordyceps nutans56, Polycephalomyces sp. GIMCC 3.570 which infects Ophiocordyceps
sinensis57, and Polycephalomyces agaricus which infects an unnamed Ophiocordyceps species in
China17. However, none of these Polycephalomyces species are associated with a behaviormanipulating Ophiocordyceps species, such as O. camponoti-floridani. Little research has been
done on the effects of these Polycephalomyces hyperparasites on their hosts. However, P. sp.
GIMCC 3.570 has been found to shorten the lifespan and significantly reduce the amount of
ascospores produced by O. sinensis57.
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Figure 1: Phylogenetic tree of Hypocreales.
Phylogenetic tree of 437 representative species from the fungal order Hypocreales. The
highlighted families, Cordycipitaceae and Ophiocordycipitaceae, are shown with the clades for
the two new species (Polycephalomyces oviedoensis and Niveomyces ophiocordycipitis), as well
as their host, O. camponoti-floridani.

The other hyperparasite we discovered growing on O. camponoti-floridani in Central
Florida is also a distinct new species, which forms a sister clade with the genus Blackwellomyces
(Family: Cordycipitaceae). Its phylogenetic placement (Figure 1) suggests that this species is
part of a genus that has not yet been described. The need to add a new genus to describe this
species is not surprising, since its placement is within a part of the Cordycipitaceae family that is
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rather understudied, with only limited phylogenetic data available, making it likely that several
genera are still missing within this part of the Hypocreales tree. The limited amount of data in
this area of the order Hypocreales likely also explains the low node support for the clade (Figure
1). Typically, members of the sister clade of the new hyperparasite species, Blackwellomyces,
have yellow, orange, or red stromata and infect Lepidoptera larvae58. The morphological (Figure
1) and lifestyle differences between our new species and Blackwellomyces supports the addition
of a new genus.
Both new hyperparasite species have been found across several wilderness areas within
Central Florida, USA. Compared to an uninfected O. camponoti-floridani sample (Figure 1),
both hyperparasites grow on top of the fungal tissue and do not appear to grow on or utilize any
part of O. camponoti-floridani’s ant host (Camponotus floridanus). As such, this
macromorphology suggests that both fungi are indeed to be considered mycoparasitic
hyperparasites, rather than insect parasites that might have co-infected the ant together with O.
camponoti-floridani.
The hyperparasite species that resides within the family Ophiocordycipitaceae exhibits
dark-colored perithecia that form on top of the O. camponoti-floridani mycelium or stalk that
have emerged from the ant cadaver (Figure 2A and C). Due to its placement into the genus
Polycephalomyces, we have named this species Polycephalomyces oviedoensis, after the location
where it was first discovered: Oviedo, Florida. We were unable to observe sexual ascospores
from this species, due to the immaturity of the sample used for morphological purposes (Figure
2B). We often observed P. oviedoensis on O. camponoti-floridani-infected ants for which the
Ophiocordyceps stalk appeared to have halted and died off; the stalk appeared dry and had
turned brown instead of the characteristic pink/purple hue of live Ophiocordyceps that is still
12

actively growing. Moreover, the majority of these samples were found to have stalks without a
fruiting body. Indeed, our attempts to isolate RNA from O. camponoti-floridani stalks infected
by P. oviedoensis were unsuccessful and showed that RNA was highly degraded as compared to
the uninfected O. camponoti-floridani controls, suggesting the hyperparasite may kill its host.

13

Figure 2: Polycephalomyces oviedoensis morphology.
Polycephalomyces oviedoensis parasitizing O. camponoti-floridani mycelia and stalk that had
emerged from an ant cadaver (Camponotus floridanus). The manipulated ant is exhibiting the
“death-grip” while biting onto a piece of Spanish moss (A). A cross section of P. oviedoensis
perithecia (B) shows the ascospores have not yet formed. A close-up of P. oviedoensis (C) shows
its growth on top of the white O. camponoti-floridani mycelia emerging from the ant.
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The second hyperparasite species that we describe here exhibits elongated synnemata-like
growth that appears white and forms on top of O. camponoti-floridani mycelium and stalk, often
completely covering its fruiting body (Figure 3A and B). The frozen and snowed on appearance
of Ophiocordyceps stalks infected with this fungal parasite has led us to name this new genus it
resides in Niveomyces. We therefore named this species Niveomyces ophiocordycipitis to signify
its Ophiocordyceps host. Conidia from this species measure 4x2 µm (Figure 3C and H), with
even smaller phialides (Figure 3D-G). At the macro scale, N. ophiocordycipitis appears fuzzy
(Figure 3A and B) because of the abundant presence of conidia-carrying phialides (Figure 3F).
During microscope slide preparation the large amount of conidiospores easily became dislodged
from the phialides (Figure 3H), demonstrating that spore dispersal may be facilitated by the
slightest disturbance. This is in line with field observations where often several O. camponotifloridani samples in close proximity would become infected by N. ophiocordycipitis in a short
amount of time. As with P. oviedoensis, our attempts to isolate RNA from O. camponotifloridani stalks infected by N. ophiocordycipitis were unsuccessful and showed that RNA was
highly degraded as compared to the uninfected O. camponoti-floridani controls, suggesting that
this hyperparasite may also kill its host.
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Figure 3: Niveomyces ophiocordycipitis morphology.
Niveomyces ophiocordycipitis parasitizing O. camponoti-floridani mycelia and stalk that had
emerged from an ant cadaver (Camponotus floridanus). The manipulated ant is exhibiting the
“death-grip,” while biting onto a piece of Spanish moss (A). A close up of N. ophiocordycipitis
growing on O. camponoti-floridani mycelium emerging from the ant (B). N. ophiocordycipitis
phialides (C-G) and their abundance of spores (H).
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Field Study
To determine the prevalence of P. oviedoensis and N. ophiocordycipitis, we included the
presence of hyperparasites in a longitudinal field study that we conducted to learn more about the
natural history of O. camponoti-floridani (data included as part of another study). We tagged a
total of 945 ant cadavers infected with O. camponoti-floridani in nine survey plots across three
wilderness areas in Central Florida throughout a year of regular plot visits. Of these ant cadavers,
only 62 had their Ophiocordyceps invaded by a hyperparasite (Figure 4A). We found that, of
these 62 hyperparasitized samples, 46 were infected by P. oviedoensis and only 16 were infected
by N. ophiocordycipitis. We observed both hyperparasites in each of the three wilderness areas.
There were no cases in which we found a sample where both hyperparasite species were present
on the same ant, although they often co-occurred in the same plot.

17

Figure 4: Field study results.
(A) shows the percent of O. camponoti-floridani samples found with a hyperparasite. (B) shows
the month of hyperparasite infection for both P. oviedoensis and N. ophiocordycipitis. (C) shows
the time it took for a hyperparasite to infect a previously tagged O. camponoti-floridani sample.
(D) shows the state of O. camponoti-floridani after infection by a hyperparasite.
18

To detect if there might be any seasonality to the emergence of P. oviedoensis and
N. ophiocordycipitis, we noted the date we first observed visible hyperparasite growth on a
previously tagged O. camponoti-floridani sample. We omitted any O. camponoti-floridani
samples that were discovered and tagged with a hyperparasite already present (n= 21), as it was
not possible for us to reliably determine what month the hyperparasite first occurred for these
samples. Our data shows that P. oviedoensis appeared consistently throughout the year, with a
possible peak in March/April (Figure 4B). In contrast, we almost exclusively found N.
ophiocordycipitis in November, with only one outlier found in July (Figure 4B). As such, for
both hyperparasite species, there appears to be a potential seasonality to their infection biology,
although a larger sample size is needed to confirm this.
To gain insight into the lifestyles of P. oviedoensis and N. ophiocordycipitis, we
determined the time it took for a hyperparasite to infect a previously tagged O. camponotifloridani sample. As in the previous chart, we omitted any O. camponoti-floridani samples that
were first discovered with a hyperparasite already present. Both P. oviedoensis and N.
ophiocordycipitis appeared as early as a week after a new O. camponoti-floridani sample was
found and as late as 9 months after an ant’s death (Figure 4C). This suggests that it is highly
unlikely that either species would be an entomopathogen that coinfects the ant alongside O.
camponoti-floridani. Additionally, the occurrence of both species early on when O. camponotifloridani is alive and actively growing suggests that neither P. oviedoensis nor N.
ophiocordycipitis exhibits a saprotrophic lifestyle. As such, these field observations support the
notion that both fungi are indeed to be considered mycoparasitic hyperparasites.
To look for possible effects of P. oviedoensis and N. ophiocordycipitis on O. camponotifloridani transmission, we documented the state of O. camponoti-floridani after being infected
19

by a hyperparasite. For the majority of P. oviedoensis-infected samples, O. camponoti-floridani
individuals never developed a fruiting body (Figure 4D). In contrast, for N. ophiocordycipitisinfected O. camponoti-floridani samples, the percent that either had developed a fruiting body
before infection or never developed one was similar (Figure 4D). Overall, these field
observations seem to suggest that both P. oviedoensis and N. ophiocordycipitis impact the
transmission and fitness of O. camponoti-floridani, but in different ways. P. oviedoensis appears
to affect fruiting body formation, completely halting the transmission of O. camponoti-floridani.
Alternatively, N. ophiocordycipitis has shown its ability to employ two different strategies. Like
P. oviedoensis, N. ophiocordycipitis appears to affect fruiting body formation, and therefore
transmission, of O. camponoti-floridani. In addition, N. ophiocordycipitis appears to utilize O.
camponoti-floridani fruiting bodies as a resource, creating a physical barrier to spore
transmission by covering O. camponoti-floridani fruiting bodies with growth.
De Novo Genome Assembly and Annotation
As part of the description of the novel fungal hyperparasites P. oviedoensis and N.
ophiocordycipitis, we sequenced and assembled their genomes de novo. For both P. oviedoensis
and N. ophiocordycipitis, the draft genomes we generated in this study are the first genomes
sequenced for their respective genera. Since the genomes were produced from samples taken
directly from the field, these assemblies were expected to contain some level of contamination,
which was visible after sequencing as a small second G-C% peak within the reads mean G-C%
profile. We filtered the sequencing reads for bacterial contamination by removing reads within
the lower mean G-C% peak that signified contamination for both genomes. QUAST outputs
(Figure 5A and B) and MG-RAST analysis of the remaining reads after bacterial filtration
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showed that this resulted in successful removal of contaminated reads (i.e., 99.68% eukaryotic
for N. ophiocordycipitis and 94.67% eukaryotic for P. oviedoensis).

Figure 5: Mean G-C% before and after bacterial contamination filtering.

After the contamination removal, the N. ophiocordycipitis assembly resulted in a total of
1,357 contigs with a GC-content of 51.11% (Table 1). We predicted 8,930 genes, 72.04% of
which received a PFAM annotation and 46.57% received a Gene Ontology (GO) term (Table 1).
Based on a BUSCO comparison to other genomes within Hypocreales, the N. ophiocordycipitis
draft genome that we generated is 93.1% complete (Table 1). The P. oviedoensis genome
resulted in a total of 1,725 sequences with a GC-content of 51.49% (Table 1). We predicted
8,422 predicted genes, 71.06% of which received a PFAM annotation and 45.26% received a GO
term (Table 1). Based on a BUSCO comparison to other genomes within Hypocreales, the P.
oviedoensis draft genome that we generated is 94.48% complete (Table 1).

21

Table 1: Genome features of P. oviedoensis and N. ophiocordycipitis.
Property
Sequences in assembly
Total assembly length (Mbp)
Assembly GC content (%)
Assembly gaps (%)
L50 number (#)
N50 length (bp)
Genes
Gene length (median)
Transcript length (median)
Exon length (median)
CDS length (median)
Protein length (median)
Spliced genes (total, %)
Exons per gene (median)
Intron length (median)
Introns per spliced gene (median)
Gene density (genes / Mbp)
Coding content of assembly (bp, %)
Proteins with internal stops (total, %)
Unique PFAM domains
Genes with PFAM (total, %)
Genes with GO (total, %)
Genes with signalP (total, %)
Genes with TMHMM (total, %)
Genes annotated as TF (total, %)
Genes annotated as MEROPS
protease (total, %)
Genes annotated as CAZyme (total,
%)
Secondary metabolite clusters
CEGMA completeness (%)
BUSCO2 completeness (fungi_odb9)

N. ophiocordycipitis

P. oviedoensis

1357
31.95
51.11
0
200
49324
8930
1452
1302
323
1299
433
6450 (72.23%)
2
67
2
279.49
13987488 (43.78%)
0 (0.0%)
3786
6433 (72.04%)
4159 (46.57%)
766 (8.58%)
1714 (19.19%)
304 (3.4%)
319 (3.57%)

1725
27.11
51.49
0
189
41529
8422
1382
1233
294
1230
410
6294 (74.73%)
2
64
2
310.68
12740001 (47.0%)
0 (0.0%)
3803
5985 (71.06%)
3812 (45.26%)
675 (8.01%)
1496 (17.76%)
242 (2.87%)
266 (3.16%)

296 (3.31%)

224 (2.66%)

38
97.16
Complete: 93.1% (Single-copy:
92.07%, Duplicated: 1.03%),
Fragmented: 2.41%, Missing:
4.48%

32
98.03
Complete: 94.48% (Singlecopy: 93.79%, Duplicated:
0.69%), Fragmented:
3.79%, Missing: 1.72%
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Orthologous Clustering
In order to describe the genomes of P. oviedoensis and N. ophiocordycipitis in more
detail and determine if they contain features that would further confirm their mycoparasitic
lifestyles as hyperparasites of O. camponoti-floridani, we compared them to 15 genomes that
represent other fungal mycoparasites, animal pathogens, phytopathogens, and saprophytes,
largely within the order Hypocreales. We first used orthologous clustering to highlight the
number of shared orthogroups between our two new hyperparasite species and the fungal
genomes that represented the various fungal lifestyles in our comparison. We subsequently used
this orthologous clustering to look for genes of interest that each of the hyperparasite species
uniquely shared with the different lifestyle groups.
When compared to mycoparasites, P. oviedoensis uniquely shared 27 orthogroups with
fungi representing this lifestyle, consisting of 34 genes (Figure 6A), while N. ophiocordycipitis
uniquely shared 41 orthogroups consisting of 44 genes (Figure 6B). Interestingly, however, both
species uniquely shared more orthogroups with animal pathogens (55 for P. oviedoensis and 190
for N. ophiocordycipitis) than mycoparasites (Figure 6A and B). Both species uniquely shared
the least amount of orthogroups with saprophytes, which is not surprising, as all other groups in
our comparison have some form of a parasitic lifestyle, like we expect the two new species to
have. When looking at the orthogroups that were found to be specific to our two new species, P.
oviedoensis had 739 unique orthogroups that were not shared with any other species in the
comparison and N. ophiocordycipitis had 604 unique orthogroups, of which only 9 overlapped
(Figure 6C).
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Figure 6: Venn diagrams of shared orthogroups.
Venn diagrams representing the shared orthogroups between P. oviedoensis (A) and the other
compared fungal lifestyles, the shared orthogroups between N. ophiocordycipitis and the other
compared fungal lifestyles (B), and the shared orthogroups between P. oviedoensis and N.
ophiocordycipitis (C).

Many of the genes uniquely shared between our two new species and each lifestyle group
were annotated to be related to generic cell processes or were classified as hypothetical proteins
with an unknown function. However, there were a few notable genes that did stand out to us
because of their annotated function. For example, N. ophiocordycipitis uniquely shared several
genes of interest with animal pathogens, including a hirsutellin A toxin, the mycotoxin
Cyclochlorotine59, and an Efflux pump protein linked to antifungal resistance60. When looking at
the uniquely shared genes between P. oviedoensis and animal pathogens we also found some
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genes of interest, including an enterotoxin and the antimicrobial peptide defensin61. The
annotated functions of these genes uniquely shared between our new hyperparasite species and
animal pathogens suggest that their high number of shared orthogroups may be due to similar
methods of both infecting host species and defense against other microbes. A notable gene
uniquely shared between N. ophiocordycipitis and other mycoparasites is a putative
Heterokaryon Incompatibility (HET) Protein. These proteins are involved in a fungal species’
ability to sense the difference between their own growth and the growth of other fungi 62. This is
a noteworthy gene for a group of mycoparasites to all have uniquely in common, as they must
have some ability to sense their host tissues and differentiate it from their own. One gene of
interest that was uniquely shared between P. oviedoensis and all mycoparasites in our
comparison was an extracellular membrane protein with an annotated CFEM domain that is
thought to be involved in fungal pathogenesis63. When looking at the genes N. ophiocordycipitis
does not share with any of the fungal lifestyle groups, the majority (~80%) do not have a known
function. However, one annotated gene of interest was the ribotoxin alpha-sarcin, which has been
found to exhibit strong antifungal properties64. Similarly, the genes P. oviedoensis does not share
with any of the compared groups are largely uncharacterized (~70%), but did include a gliotoxin
and a Pathogenesis Related (PR-1-like) protein that has been linked to virulence in other fungal
parasites65.
Enrichment analysis of the functional annotation terms showed that small secreted
proteins were overrepresented between animal pathogens and both hyperparasite species. There
was also an overrepresentation of small secreted proteins in the unique orthogroups for each
species. The overrepresentation of small secreted proteins within these groups is not surprising,
as small secreted proteins in fungi are often bioactive compounds that have a strong link to self-
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protection and host association66. The many small secreted proteins, paired with the fact that
many are either toxins or antimicrobials, suggest that these proteins likely play a role in our new
hyperparasite species’ infection of O. camponoti-floridani and protection from other microbes.
In addition, the high number of uncharacterized proteins in these groups that are also small
secreted proteins, highlights the potential for new bioactive compounds that are made by these
species and should be studied further.
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Comparative Genomics
Our morphology and field data suggest that both novel hyperparasite species described in
this study are mycoparasites of Ophiocordyceps. Aiming to investigate if their genomes contain
any typical mycoparasite signatures, we also looked for annotations that were previously
reported as being specifically mycoparasitic20. The first genome signature we compared was the
amount and type of secondary metabolites clusters within each fungal lifestyle. In general, fungi
are unique in their ability to produce a wide range of secondary metabolites, many of which have
important bioactive properties67. Because these metabolites are not directly necessary for the
growth and development of an organism, their importance often lies in their contribution during
interactions with other organisms68. Their role in interspecies interactions, as well as comparative
genomic studies that have suggested a link between high numbers of secondary metabolites and a
mycoparasitic lifestyle69, make secondary metabolites a highly important genome signature to
examine in our two new hyperparasite species.
In our broader comparative genomics study, we found that the average number of
secondary metabolite clusters was 35.2 for mycoparasites, 41.75 for animal pathogens, 25 for
saprophytes, and 30 for phytopathogens (Table 2). Overall, these secondary metabolite numbers
suggest that parasites generally produce a few more secondary metabolites compared to
saprophytes. However, the number of secondary metabolite clusters between fungal parasitic
lifestyles remain somewhat in the same realm, making it not an ideal genome signature to
confirm a specifically mycoparasitic lifestyle. As such, the number of secondary metabolite
clusters found for both new species are somewhere around the averages we found for other
parasites (Table 2), confirming that they are indeed likely to be parasites but without specifically
indicating their host type. Nevertheless, investigating the potential secondary metabolites that
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these clusters produce, and their suggested function might still give us an indication about
the lifestyles of the fungi that harbor them.
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Table 2: The number of secondary metabolite clusters in each genome.
Species

Secondary
Metabolite Clusters

T1PKS

NRPS

Terpene

Indole

Hybrid

Siderophore

Beta Lactone

Fungal RiPP

T3PKS

Polycephalomyces
oviedoensis
Niveomyces
ophiocordycipitis
Mycoparasites

32

8

15

5

1

3

0

0

0

0

38

13

14

2

1

7

1

0

0

0

Tolypocladium
ophioglossoides
Trichoderma virens

30

9

10

4

0

6

0

1

0

0

48
34
27
19
53

14
12
9
5
25

16
10
6
3
14

10
8
8
6
6

0
0
0
1
1

8
4
4
3
6

0
0
0
0
0

0
0
0
1
1

0
0
0
0
0

0
0
0
0
0

13
46

9
21

1
6

3
8

0
2

0
5

0
0

0
0

0
0

0
4

16

6

3

3

1

0

0

0

1

1

26

10

4

6

2

3

0

0

0

1

56
39
46

18
9
13

10
15
12

8
8
11

3
0
0

13
7
8

1
0
0

1
0
1

2
0
1

0
0
0

40
20

10
8

10
5

11
4

2
2

4
1

0
0

2
0

0
0

1
0

New Species

Trichoderma atroviride
Trichoderma reesei
Escovopsis weberi
Clonostachys rosea
Saprophytes
Ophiostoma piceae
Stachybotrys
chlorohalonata
Neurospora crassa
Animal Pathogens
Ophiocordyceps
camponoti-floridani
Metarhizium robertsii
Beauveria bassiana
Pochonia chlamydosporia
Phytopathogens
Fusarium oxysporum
Claviceps purpurea
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Investigating the number or secondary metabolite clusters for each species, we found that
P. oviedoensis had a total of 32 complete secondary metabolite clusters that together included
200 genes (Table 2). Of the 200 P. oviedoensis genes involved in secondary metabolism, 62%
had orthologs in all other compared species while 7% of these genes were unique to P.
oviedoensis. Out of the 32 clusters, only four of them matched to a similar known cluster within
the antiSMASH database. One was 42% similar to Neosartorin, a compound known to have
antibiotic properties in several Aspergillus species70. The other three were all similar to
Cyclosporin C, a compound known to have anti-fungal properties in several fungal species
including Tolypocladium71. These bioactive secondary metabolites may play a role in infecting
O. camponoti-floridani or protecting P. oviedoensis from attack by other microbes within their
environment. We found that N. ophiocordycipitis had a total of 38 secondary metabolite clusters
that together included 347 genes. Of the 347 genes involved in secondary metabolism, 57.6%
had orthologs in all other compared species while 4.6% were unique to N. ophiocordycipitis. Out
of the 38 clusters, six matched to a similar known cluster. One matched 100% to Epichloenin A,
a compound that has been found to play a role in fungal-host interactions between fungi and
plants72. Perhaps this secondary metabolite also plays a role in fungal-host interactions between
N. ophiocordycipitis and O. camponoti-floridani. Another cluster matched 83% to Chrysogine, a
yellow pigment known to protect fungal tissue from UV radiation and to have antibacterial
properties in Penicillium73. Additionally, one cluster matched 13% to the mycotoxin
Aspirochlorine74. These secondary metabolites likely play a role in protecting N.
ophiocordycipitis from external forces and attack by other microbes.
Proteases that breakdown proteins and peptides are often secreted by parasitic fungi
during infection75. In fact, mycoparasitic Trichoderma species have demonstrated an
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upregulation of protease genes during contact with their host and have a large percentage of
protease genes76. Therefore, it was suggested that a high number of protease genes present in the
genome would be characteristic of mycoparasites as a whole. When looking at the number of
protease genes for our new hyperparasite species, P. oviedoensis had a total of 266 (i.e., 3.16%
of all genes annotated) and N. ophiocordycipitis had a total of 319 (i.e., 3.57%) (Table 3). The
average percent of annotated protease genes was 3.21% for mycoparasites, 3.60% for animal
pathogens, 2.31% for phytopathogens, and 2.82% for saprophytes (Table 3). Therefore, the
percent of protease genes for our new species does fit within the percentages for mycoparasites
and animal pathogens. Some studies have linked aspartyl, serine, and subtilisin-like proteases to
be involved in mycoparasitism77. Indeed, the P. oviedoensis genome contained each of these
protease types and even had an overrepresentation of serine-type proteases that were only unique
to the species. However, N. ophiocordycipitis did not have any aspartyl or subtilisin-like
proteases. In addition, studies have shown an upregulation of trypsin-like proteases during
mycoparasite interaction with host mycelia78. However, the P. oviedoensis genome did not
contain any trypsin-like proteases. Again, despite what was suggested in these previous studies,
protease annotation does not appear to currently be the best genome signature for distinguishing
mycoparasitic lifestyles, as they seem to be different across species
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Table 3: The percent of protease genes in each genome.
Species

Percent of Protease Genes

New Species
Polycephalomyces oviedoensis
Niveomyces ophiocordycipitis
Mycoparasites
Tolypocladium ophioglossoides
Trichoderma virens
Trichoderma atroviride
Trichoderma reesei
Escovopsis weberi
Clonostachys rosea
Saprophytes
Ophiostoma piceae
Stachybotrys chlorohalonata
Neurospora crassa
Animal Pathogens
Ophiocordyceps camponoti-floridani
Metarhizium robertsii
Beauveria bassiana
Pochonia chlamydosporia
Phytopathogens
Fusarium oxysporum
Claviceps purpurea

3.16%
3.57%
2.95%
3.21%
3.28%
3.22%
3.03%
3.57%
3.03%
2.94%
2.51%
3.67%
3.75%
3.71%
3.27%
1.74%
2.87%

Chitin provides structural stability for fungal cell walls. As such, chitinases are important
to fungal species for several life processes, including external chitin decomposition, cell wall
degradation, and remodeling79. However, chitinase are especially important to mycoparasites and
insect pathogens that need them to break down the chitin in the cell walls or exoskeletons of their
hosts, respectively79. The most prominent family of chitinases in fungi is the Glycoside
Hydrolase Family 1879. Studies have proposed that a high number of GH18 chitinases is a
characteristic of mycoparasitism38,69, which makes chitinases an important genome signature to
look for in our new hyperparasite genomes. For P. oviedoensis, 13 genes were found within this
family and 85% of them had orthologs in all other compared species (Table 4). In contrast, N.
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ophiocordycipitis had 16 genes within the family and half of them had orthologs in all other
compared species (Table 4). The average number of GH18 chitinases in mycoparasites was 22,
while the average number was just slightly lower at 19.5 for animal pathogens. Phytopathogens
had an average number of 16 and saprophytes had an average number of 13.5 GH18 chitinases.
However, the number of chitinases within each lifestyle group was highly variable among the
genomes included for each group. As such, using the number of GH18 chitinases as a genome
signature to determine if a fungus has a mycoparasitic lifestyle is again not very effective when
expanding the number of genomes in the comparison to include Hypocreales species across a
variety of lifestyles. However, the finding that half of the chitinases found in N.
ophiocordycipitis are unique to this species raises the question if this species has a unique
method for entering the cells of its O. camponoti-floridani host.
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Table 4: The number of GH18 chitinase genes in each genome.
Species

Number of Glycoside Hydrolase Family 18 Genes

New Species
Polycephalomyces oviedoensis
Niveomyces ophiocordycipitis
Mycoparasites
Tolypocladium ophioglossoides
Trichoderma virens
Trichoderma atroviride
Trichoderma reesei
Escovopsis weberi
Clonostachys rosea
Saprophytes
Ophiostoma piceae
Stachybotrys chlorohalonata
Neurospora crassa
Animal Pathogens
Ophiocordyceps camponoti-floridani
Metarhizium robertsii
Beauveria bassiana
Pochonia chlamydosporia
Phytopathogens
Fusarium oxysporum
Claviceps purpurea

13
16
26
32
18
27
16
15
14
19
13
11
17
29
21
23
9
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DISCUSSION
Although fugal hyperparasitism is a world-wide phenomenon that is often recognized by
mycologists, very few fungal hyperparasite species have been formally described. In this study,
we present two new species of fungal hyperparasites that infect Ophiocordyceps: Niveomyces
ophiocordycipitis and Polycephalomyces oviedoensis. Hyperparasites of other Ophiocordyceps
species that do not manipulate the behavior of their hosts have been described and hyperparasites
associated with behavior-manipulating Ophiocordyceps have been noted in the field. However,
the new species in this study represent the first formally described species and sequenced
genomes of hyperparasites that parasitize behavior-manipulating Ophiocordyceps. Through the
addition of two new fungal hyperparasites to the order Hypocreales, we have added new
genomes to parts of the fungal phylogenetic tree that are presently very limited in data. The fact
that the genome for P. oviedoensis is the first for this genus and that we had to introduce a new
genus to describe N. ophiocordycipitis highlights this. Indeed, it is likely that there are other
genera missing from this part of the tree as well, highlighting the need for future studies on
hyperparasites of the family Cordycipitaceae.
Hyperparasites are known to ‘castrate’ their hosts and prevent transmission. Therefore, it
is likely that both N. ophiocordycipitis and P. oviedoensis negatively affect O. camponotifloridani transmission. In the majority of observed P. oviedoensis-infected samples, O.
camponoti-floridani did not grow a fruiting body, suggesting that the hyperparasite does indeed
prevent O. camponoti-floridani transmission. On the other hand, N. ophiocordycipitis seems to
impact O. camponoti-floridani transmission in two ways: by preventing new fruiting body
growth or by completely covering an existing fruiting body, preventing the release of spores. In
many cases, O. camponoti-floridani appeared dead after infection by both P. oviedoensis and N.
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ophiocordycipitis. In addition, attempts to extract RNA from hyperparasite-infected O.
camponoti-floridani stalks was unsuccessful, indicating that O. camponoti-floridani was likely
dead. This suggests that N. ophiocordycipitis and P. oviedoensis may be necrotrophic
mycoparasites that eventually kill their hosts. However, more studies are needed to confirm this,
as well as the potential impacts to O. camponoti-floridani transmission.
While the fungi that grow on Ophiocordyceps have always been
considered hyperparasitic mycoparasites, one could perhaps argue that they could also
be saprophytes growing on dead insect or fungal tissue, or entomopathogens that co-infect the
insect host of Ophiocordyceps. However, based on their observed growth only on top of O.
camponoti-floridani tissue, it is more likely that both P. oviedoensis and N. ophiocordycipitis are
indeed mycoparasites. Our field surveys also support this conclusion. Although in some
cases both P. oviedoensis and N. ophiocordycipitis were found less than a week after a
new O. camponoti-floridani-infected ant cadaver was observed and tagged, they also appeared
up to nine months after initial Ophiocordyceps infection. This seemingly rules out the possibility
of either species being an entomopathogen that coinfects the ant. Swiftly after an ant’s death, O.
camponoti-floridani completely colonizes the ant’s body, consuming all ant tissue besides the
cuticle. This makes it unlikely that either new species we describe here would
be able to saprophytically consume the insect cadaver. Moreover, the appearance of both
presumed hyperparasite species in the first few weeks after death of the ant host, when O.
camponoti-floridani is fresh and actively growing, seems to rule out the possibility of
either species being an opportunistic saprophyte that merely feeds off of dead O. camponotifloridani tissue. Taken together, our phylogenetic, morphological and natural history
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data demonstrate that it is highly likely that both species are indeed hyperparasites of O.
camponoti-floridani and have a mycoparasitic lifestyle.
Nevertheless, we could not detect clear signatures of a mycoparasitic lifestyle in the
genomes of P. oviedoensis and N. ophiocordycipitis. Orthologous clustering including
genomes of fungi with various lifestyles does not directly reflect a mycoparasitic lifestyle,
demonstrated by the fact that both new species P. oviedoensis and N. ophiocordycipitis shared
more unique orthogroups with the genomes of the fungal animal pathogens that we included in
our study than with the other mycoparasites. One possible explanation here could be due to the
lack of available genomes for more closely-related species to include in the
comparisons. Moreover, our analyses followed the lead of previous comparative genomic
studies that have singled out secondary metabolites, proteases, and GH18 chitinases as genome
signatures of a mycoparasitic lifestyle. These comparative studies either compared mycoparasites
within Hypocreales with fungal species outside of Hypocreales or did not include any other
fungal lifestyles beyond mycoparasites in their comparisons38,69,77. However, our
results have shown that the functional gene categories discussed in these studies are not very
informative when conducting comparisons within the order Hypocreales and including other
fungal lifestyles such as animal pathogens, phytopathogens, and saprophytes. Between the fungal
lifestyles in our comparisons the differences in numbers of secondary metabolites, proteases, and
chitinases were not big enough between lifestyle groups or are simply too variable between
species within each group. This suggests that some of the suggested genome signatures may
be merely characteristic of Hypocreales as a whole, instead of just
to mycoparasites only. Additionally, the number of available mycoparasite genomes within
Hypocreales is limited and not very diverse. As such, our study demonstrates the need for more
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genome data on this subject to be able to perform more meaningful comparisons to
find these uniquely mycoparasite genome signatures.
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CONCLUSION
To be able to thoroughly understand the complex dynamics of inter-species interactions,
there is a need to incorporate tri-trophic levels. Nevertheless, the natural enemies of parasites in
parasite-host interactions are still vastly understudied. As such, this study aimed to contribute
novel systematics, natural history, and genomics data to the current very limited knowledge of
fungal hyperparasites of entomopathogenic fungi. We formally described and sequenced the
genomes of two new hyperparasite species that infect the ant behavior manipulating parasite O.
camponoti-floridani: Polycephalomyces oviedoensis and Niveomyces ophiocordycipitis. Our
need to describe a new genus within the family Cordycipitaceae for one of the new species
highlights the currently limited data for this part of the Hypocreales phylogenetic tree. Moreover,
our study provides the first genome in the genus Polycephalomyces and adds important data to
the very limited number of currently available mycoparasite genomes. Our natural history data
suggests that both species described in this study indeed play an important role in the tri-trophic
fungus-fungus-ant system as they impact the survival and transmission of O. camponotifloridani, warranting further detailed studies. However, if we want to perform comparative
genomics as part of this endeavor, more sequenced mycoparasite genomes will be necessary to
find genome signatures that are characteristic to the hyperparasitic lifestyle of entomopathogeninfecting fungi. Most importantly, this study emphasizes the need for future research on
hyperparasites and tri-trophic systems as a whole.
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